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Abstract. Connexins, like true cell adhesion molecules,
have extracellular domains that provide strong and spe-
cific homophilic, and in some cases, heterophilic inter-
actions between cells. Though the structure of the bind-
ing domains of adhesion proteins have been
determined, the extracellular domains of connexins,
consisting of two loops of ~34-37 amino acids each, are
not easily studied in isolation from the rest of the mole-
cule. As an alternative, we used a novel application of
site-directed mutagenesis in which four of the six con-
served cysteines in the extracellular loops of connexin

32 were moved individually and in all possible pairwise
and some quadruple combinations. This mapping al-
lowed us to deduce that all disulfides form between the
two loops of a single connexin, with the first cysteine in
one loop connected to the third of the other. Further-
more, the periodicity of movements that produced
functional channels indicated that these loops are likely
to form antiparallel B sheets. A possible model that
could explain how these domains from apposed con-
nexins interact to form a complete channel is discussed.

form channels to allow passage of ions and small

molecules between cells in contact. They are ubiq-
uitously found in all metazoa and have been proposed to
play roles in the processes of development (Guthrie and
Gilula, 1989; Paul et al., 1995), cancer (Loewenstein and
Rose, 1992; Yamasaki and Naus, 1996), and transmission
of electrical signals in heart (Severs, 1994) and neurons
(Dermietzel and Spray, 1993; Fulton, 1995). In verte-
brates, gap junction channels are composed of subunits
called connexins that form a dodecameric structure when
two hexameric hemichannels dock in the narrow intercel-
lular space separating adjacent cells. Hemichannels appear
to assemble initially in the trans-Golgi (Musil and Good-
enough, 1993) before transportation to the cell membrane,
where docking and the formation of junctional plaques oc-
cur. This may be a process of random diffusion and trap-
ping once apposed hemichannels dock, or lateral affinity
between connexins. Alternatively, it could result from a
directed process, possibly involving electrophoresis of the

GP junctions are integral membrane proteins that
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hemichannels through the membrane as suggested in oo-
cytes for connexin 32 (Cx32)! (Levine et al., 1993).

Studies on Cx26 (Zhang and Nicholson, 1994), Cx32
(Milks et al., 1988), and Cx43 (Yancey et al., 1989) have
revealed that connexins share a similar membrane confor-
mation consisting of four transmembrane regions with the
NH, and COOH termini located cytoplasmically. Despite
a number of structural studies on isolated gap junctions
(Caspar et al., 1977, Makowski et al., 1977; Unwin and
Zampighi, 1980; Sosinsky, 1992; Hoh et al., 1993), the reso-
lution has remained at a level that provides little informa-
tion on the folding of the polypeptide chain within individ-
ual subunits. Circular dichroism (CD) analysis (Cascio et
al., 1990) implicated « helices as the predominant compo-
nent of the transmembrane segments. This interpretation is
consistent with X-ray studies (Tibbitts et al., 1990), and is
largely confirmed in a recent 7-A resolution projection
map of frozen, hydrated gap junctions (Yeager and Nichol-
son, 1996; Unger et al., 1997). This same level of structural
detail has not been obtained for the extracellular domains
where docking occurs, since projection maps are domi-
nated by the transmembrane structures. Although three-
dimensional reconstructions may help to resolve this, di-
rect surface imaging of these domains is only possible after

1. Abbreviations used in this paper: Cx32, connexin 32; E1, extracellular
loop 1; E2, extracellular loop 2; TM, transmembrane domain; wt, wild-type.
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highly disruptive treatments required for splitting gap
junctions (Manjunath et al., 1984; Ghoshroy et al., 1995,
Perkins et al., 1997). Atomic force microscopy offers a
more controlled, but still disruptive approach (Hoh et al.,
1993). Nonetheless, results from these two techniques both
show the extracellular surface to have six discrete protru-
sions. This suggests that the extracellular loops of each
connexin must form a stable conformation, even in the
hemichannel, for the structures evident in atomic force mi-
croscopy images of individual hemichannels to be rein-
forced in the extensively averaged images of Perkins et al.
(1997).

Recently, greater interest has focused on the extracellu-
lar domains of connexins due to the implication of these
highly conserved regions in both the specificity of hemichan-
nel docking (Elfgang et al., 1995; White et al., 1995) as well
as the regulation of voltage gating of the channel (Verselis
et al., 1994). In the case of Cx43, -46, and -56, the specificity
of heterotypic interactions between hemichannels composed
of different connexins appears to be largely dictated by the
primary sequence of the second extracellular loop (White
et al., 1994). Although specific residues within the primary
sequence are likely to play a role in docking specificity, the
critical spatial relationships of individual residues are de-
termined by the overall tertiary structure of these extracel-
lular loop regions. Therefore, a clear understanding of their
structure will be essential, not only for defining the basis of
selective homophilic and heterophilic interactions between
connexins (analogous to cadherins), but also for establish-
ing how this leads to the unique seal between hemichan-
nels that electrically isolates the intercellular channel from
the extracellular environment.

The most notable feature of the extracellular domains of
connexins are the six cysteine residues, three in each loop,
which are conserved in all family members studied to date
with only one exception (Cx31; Hoh et al., 1991). Dahl et
al. (1992) demonstrated the importance of these conserved
cysteines through individual mutations of each cysteine to
a serine, resulting in a loss of channel function in all cases.
This result, along with the extracellular location of these
cysteines, suggests they are likely to be involved in disul-
fide bond formation. This is partly confirmed by two inde-
pendent studies (John and Revel, 1991; Rahman and Evans,
1991), examining the mobility of intact and proteolyzed
connexins in reducing and nonreducing SDS-PAGE. This
approach demonstrated that at least one disulfide bond
connects the two loops of a connexin, whereas none occur
between connexin subunits.

If all six cysteines are involved in disulfide bonds within
a connexin, at least seven permutations of disulfides are
possible (see Fig. 1). Defining which of these combinations
form in situ would represent a significant advance in defin-
ing the structure of these docking domains. Here, we ap-
proach this problem through a series of single or paired
movements of the first and third cysteines of each loop.
The logic followed is that, by analogy with the data of
Dahl et al. (1992), movements of one cysteine should be
nonfunctional, but could be rescued by the appropriate
compensatory movement of a second cysteine to which the
first was paired. This strategy has produced a mapping of
most of the disulfides in the extracellular loops, and sug-
gests that much of these domains may fold as B sheets. A
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possible model of connexin docking is discussed consistent
with available structural data on gap junctions that infer
an interdigitation of the extracellular domains (Perkins et
al., 1997; Unger et al., 1997).

Materials and Methods

Construction of Cx32 Mutants

The 1.5-kb Cx32 cDNA (Paul, 1986) was ligated into the M13mp18 phage
vector at the EcoRI site. Using the site-directed mutagenesis procedure of
Kunkel (1987), the cysteines at positions 63, 74, 178, and 189 were mu-
tated to serine residues. In conjunction with this, a cysteine is substituted
at positions between one and four residues to the NH,-terminal side of the
original cysteines 63 and 178 (defined as the “—” direction), or a similar
distance to the COOH-terminal side of cysteines 74 and 189 (defined as
the “+” direction). Serine was chosen as the substitution likely to cause
the least perturbation of structure, based on both preservation of side
chain volume and general polarity. The oligonucleotides used to create
the mutants, and the corresponding mutant designations used throughout,
are: Extracellular loop 1 (E1):C;—1 (C63S/162C): 5’GGGTGTTAGA-
GCAGAAAGAAGACTTC3'; E1:C5+1 (C74S/Y75C): 5’ GGGAAAAA-
ATGGTCACAGGAGACGCTG3'; E1:C;—2 (C63S/F61C): 5GGGTGT-
TAGAGATGCAAGAAGACTTC3'; E1:G;+2 (C74S/N76C): S'GGGA-
AAAAATGGCAATAGGAGACGCTG3'; extracellular loop 2 (E2):
C;—1 (C178S/K177C): 5'GAAGGCCTCAGAGCAGACCAGCCGC3;
E2:C;+1 (C189S/F190C): 5'CGGGACACGCAGGAGTCCACCG3'; E2:
C;—2 (C1788/V176C): S'GGCCTCAGACTTGCACAGCCGCACC3'; E2:
C3+2 (C189S/V191C): 5'GGGCGGGAGCAGAAGGAGTCCACCG3';
E2:C,—3 (C178S/K175C): 5’GCCTCAGACTTGACACACCGCACCA-
TGG3'; E2:C;—4 (C178S/R174C): 5'CCTCAGACTTGACCAGGCACA-
CCATGGC3'; E2:C5+3 (C189S/S192C): 5’GTGGGGCGGCACACGA-
AGGAGTCCAC3'; and E2:C;+4 (C189S/R193C): 5'CTCAGTGGGGCA-
GGACACGAAGGAGTCC3'.

Correct mutants were selected by restriction enzyme analysis when mu-
tagenesis altered the wild-type restriction pattern, or by DNA sequencing.
From the selected plaques, the observed efficiency of mutation was
>90%. Mutants in E1 were removed from the M13 vector as a BsmI/Ncol
fragment, whereas those in E2 were excised as a Smal/Kpnl fragment.
These fragments were subcloned as a cassette into the equivalent sites of
the Cx32 wild-type (wt) coding region cloned between 5’ and 3’ Xenopus
B globin untranslated regions (50- and 206-bp, respectively) in the
pGEM7Zf (+) vector (Promega Corp., Madison, WI). All cassettes were
sequenced to ensure only the desired mutation had been created.

Combinations of cysteine shifts within E1 were prepared by Hgal (New
England Biolabs Inc., Beverly, MA) digestion of the Cx32 insert that was
first excised from the vector by HindIII/Sacl to avoid confusion from
Hgal sites in the vector. Hgal separates the cysteine 63 and 74 mutagene-
sis sites into fragments that could be separated on 1% agarose gels before
elution and purification (Gene Clean; Biol01, La Jolla, CA) and then fol-
lowed by religation with the vector. Cysteine mutants within E2 could be
easily combined using a BstXI site at the 5’ end of the clone, and then an-
other separating the cysteine 178 and 189 positions. Combinations of mu-
tants between E1 and E2 could be created by excision of the 3’ end of the
construct as a Smal/Kpnl fragment (containing the E2 coding region) and
then religating the appropriate combinations of single or double mutants.

In Vitro Transcription

The mutant Cx32 cDNAs were linearized with HincII (Promega Corp.)
and then added to a transcription reaction that included 0.5 mM each of
ATP, CTP, and UTP, 0.25 mM GTP, 10 mM DTT, SP6 polymerase buffer
(Promega Corp.) 150 U of RNasin (Promega Corp.), 0.3 mM 5’ m7G Cap
(Amersham Corp., Arlington Heights, IL), and 35 U of SP6 RNA poly-
merase (Promega Corp.). After a 15-min treatment at 37°C with RQI
DNase, the resultant cRNA was purified using an RNaid Kit (Bio 101)
and then quantitated using both an optical density (OD) 260-nm measure-
ment, and then by comparison to a DNA sample of known concentration,
run on a denaturing agarose gel stained with ethidium bromide.

Xenopus Oocyte Expression System

Oocytes were dissected from Xenopus laevis and then the follicular cell
layer was digested away with 1 mg/ml collagenase (Sigma Chemical Co.,
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St. Louis, MO). The oocytes were then coinjected with 40 nl of a mixture
of 0.15 ng of antisense Xenopus Cx38 oligonucleotide (Barrio et al.,
1991; Suchyna et al., 1993) and 0.15 pg of the appropriate cRNA using an
automated microinjector (Nanoject No. 3-00-203-XV; Drummond Scien-
tific, Broomall, PA). In rare cases of persistent exogenous connexin expres-
sion, oocytes were preinjected with 0.15 ng of antisense Xenopus Cx38 oligo
and then allowed to incubate for 72 h before injection of 0.15 pg of the ap-
propriate cRNA. After a 24-h incubation, the vitelline envelope was
stripped manually and then the two oocytes were pushed together with
vegetal poles apposed.

Conductance (g;) between two paired oocytes was recorded using a
dual voltage clamp procedure (Harris et al., 1981). Current and voltage
readings from two Gene Clamp 500 voltage clamp amplifiers (Axon In-
struments, Inc., Foster City, CA) were digitized for storage and analysis
using Pclamp 6 software (Axon Instruments, Inc.).

In a typical experimental paradigm, 20-s voltage pulses of alternating
polarity were applied to one oocyte over the range of = 10-110 mV (in 20-mV
increments) from the clamped resting potential of both oocytes (—40 = 10
mV). Approximately 3 min was allowed between impulses. Conductance
of the mutant/wt paired oocytes was recorded as a percentage of that be-
tween wt/wt paired oocytes for that experiment. For each batch of oo-
cytes, antisense Cx38-injected oocytes were paired and recorded to deter-
mine if all endogenous coupling was effectively eliminated by the antisense
oligonucleotide. In some experiments, the mutant cRNA-injected oocytes
were also paired with themselves. The E2:C;—1/C;+1 mutants showed
2.7% of Cx32 wt conductance (n = 2) and E2:C,—2/C;+2 showed 19.5%
of Cx32 wt conductance (n = 4). Also, nonantisense-injected oocytes were
paired with the mutant cRNA injected oocytes to check for pairing with
the endogenous Cx38, indicative of a change in docking specificity.

In Vitro Translation

The various Cx32 mutants were translated using the TNT-coupled expres-
sion system (Promega Corp.) consisting of 25 pl of rabbit reticulocyte ly-
sate, 2 l of reaction buffer, 1 pl of SP6 RNA polymerase, 1 ul of a 1-mM
amino acid mixture minus methionine, 4 wl (1,000 Ci/mmol) of [*S]me-
thionine (Dupont-NEN, Wilmington, DE), 1 ul of RNasin ribonuclease
inhibitor (40 U/ul; Promega Corp.) 1 pg of the appropriate Cx32 DNA
template, and nuclease-free water to bring the final volume to 50 pl. For
these reactions, 3 pl of the water was replaced with canine pancreatic mi-
crosomes (Amersham Corp.) to test whether the translation products of
these mutant cRNAs is able to insert into membranes. After 2 h at 30°C,
the translation products were treated with 0.1 M Na,CO;, pH 11.0, for 30
min at 8°C and then centrifuged for 15 min at 13,000 g. The supernatant
was discarded, and then the pellet was washed again with 0.1 M Na,CO,
and centrifuged as before. The pellet was then resuspended in SDS sam-
ple buffer and allowed to sit at room temperature for 15 min before load-
ing onto a 15% SDS-polyacrylamide gel. After electrophoresis, the gel
was soaked in DMSO for 20 min, and 20% 2,5-diphenyloxazole (PPO) in
DMSO for 1 h and then washed with water. The dried gel was exposed to
a phosphoimaging cassette (model 425E using Image Quant v4.2 software;
Molecular Dynamics, Inc., Sunnyvale, CA) for 1 h before reading.

For assessment of disulfide bond formation, the translations were done
in the presence of canine pancreatic microsomes as described, except that
1.5 mM of oxidized glutathione (Sigma Chemical Co.) was added to en-
sure oxidizing conditions. The concentration of oxidized glutathione was
determined through titrations in trial experiments to allow disulfide bond
formation (~1.5 mM) but not inhibit protein synthesis (at concentrations
>3 mM). Translations were terminated after 2 h at 30°C with 20 mM
N-ethyl maleimide to alkylate any free sulfhydryls. The microsomes were
pelleted through a high salt cushion of 250 mM sucrose in 500 mM KAce-
tate, 5 mM MgAcetate, and 50 mM Hepes, pH7.9, by centrifugation in a
TLA rotor in a tabletop ultracentrifuge (model TL-100; Beckman Instrs.,
Inc., Palo Alto, CA) for 10 min at 150,000 g. The pelleted microsomes
were resuspended in 90 pl of trypsin digestion buffer (50 mM NH,HCO;,
pH 7.8). Trypsin digestion was carried out on ice for 1.5 h with 1 pg/pl
trypsin and then terminated by adding 2 mM soybean trypsin inhibitor
(Sigma Chemical Co.). The trypsinized material with membrane-pro-
tected protein fragments was pelleted again for 20 min as above, and
then resuspended in 32 pl of 1 X SDS sample buffer without 2-mercapto-
ethanol. The sample was divided into two equal parts; one was reduced by
adding 5% 2-mercaptoethanol, whereas the other was left under oxidizing
conditions. The mixture was kept at room temperature for 30 min before
analysis by SDS-PAGE. Reduced and nonreduced samples were loaded
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on separate gels. The dried gel was exposed to a phosphoimager cassette
for several hours and then bands were quantitated after reading on a
phosphorimager (425E; Molecular Dynamics, Sunnydale, CA)

Results

Mutagenesis Strategy

Given both the conservation of cysteine positions in the
extracellular loops of connexins and their inferred impor-
tance in the point mutagenesis study of Dahl et al. (1992),
determination of the pattern of disulfide bonding within
the extracellular loops is likely to be critical to understand-
ing the structure of these domains. There is already direct
evidence that at least one disulfide forms between the
loops of a single connexin and none form between connex-
ins (John and Revel, 1991; Rahman and Evans, 1991).
However, with six cysteines present in these loops, even
assuming all form disulfides, many combinations of link-
ages are possible (Fig. 1). These combinations can be
grouped into two general categories. One group has only
one disulfide linkage between the two extracellular loops
(A-E), and the second consists of combinations with all
three disulfides between the loops (F and G).

Dahl and colleagues had previously shown that the sub-
stitution of any one of these cysteines compromised chan-
nel function (1992). Movement of one cysteine of a pair is
also likely to be incompatible with disulfide formation and
would lead to nonfunctional channels. However, if both of
the cysteines that are involved in a disulfide bond in the
native structure are moved the same number of residues
away from the original sites, the disulfide may be able to
reform, leading to a rescue of channel function. The spe-
cific strategy used was site-directed mutagenesis to move
the first and third cysteines (designated C; and Cs, respec-
tively) within each extracellular loop (E1 and E2) a vari-
able distance away from their wt positions. The second
cysteine in each extracellular loop was not moved due to
the possible critical nature of the flanking residues in
forming a reverse turn in this region. Rescue of functional
channels requires that movements would have to be made

One Disulfide Bond Between the Loops

Three Disulfide Bonds Between the Loops

Figure 1. Possible isomers of disulfide linkages between the two
extracellular loops of connexins. The conserved cysteines in the
two extracellular loops of connexins are indicated, from NH, to
COOH termini, as 1, 2, and 3 for E1 and 1’, 2’, and 3’ for E2. The
disulfide linkages, indicated by flashes, can be divided into two
general categories: linkages with one disulfide between the two
extracellular loops (A-E), and linkages with three disulfides be-
tween the two loops (F and G). Both parallel (A, B, D, and F)
and antiparallel configurations (C, E, and G) are represented.
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Figure 2. Schematic representation of the cys-
teine mutants tested. An alignment of selected
mammalian connexin sequences for the two ex-
tracellular loops (EI and E2) is shown (shaded)

Extracellular Loop 1 (E1) Extracellular Loop 2 (E2)} .
, .
above the sequence of Cx32, which was the tar
AR et f mutation here. Restrict i
X,
Pas. | DEKSAETCNTQORGONSVCYDHEFRSH ARPTEK get of mutation here. Restriction enzyme sites
§:§E e R e e EEﬂEE used to create combination mutants within each
il DECADFRCDT IQPGCQNVCYDOQAFP ISH M M 3 3
S e siee  loop (Fig 3) and between loops (Fig. 4) are indi-
X L .
cated (refer to Materials and Methods for de-
Cxaz2 DEKSSFICNTLQPGCNSVCYDHFFPISH SRPTEK l M t t l d t fth
roene e — tai s). futants leading to movement of the cys-
|e2:cicset e C-§ -ooe- 7 famnee Biirmmnomerr teines in El1 and E2 are illustrated, with
E2:Cy 242 e C-- § === §--C - : TS
!Ez__c‘ s S e LR i NI ap_proprlately r.nark.ed arrows indicating the ter-
E2:C, 4C; +4 S st SN/ s S-ooo- minology for direction of the movements used in
— — = —
= ¥ ar + the text.

in compatible directions within the tertiary structure of the
protein. Based on the location of C, and C; within each ex-
tracellular loop, we reasoned that this would be achieved
by movements of C; towards the NH, terminus (— direc-
tion) and C; towards the COOH terminus (+ direction).
Although in opposite directions in the primary sequence,
these movements should lie in the same direction (toward
the membrane) within the loops. Movements in the re-
verse direction (i.e., C; to the COOH terminus and C; to
the NH, terminus) were not attempted, since the spacing
between C; and C; was only 10 residues. Further reduction
of this spacing would be likely to interfere with the reverse
turn(s) that are predicted to occur in this part of the loop.

Movements of C; and C; in both loops were made, al-
though most extensively in E2 where sequence conserva-
tion between connexins is less stringent (Fig. 2). Restric-
tion enzyme sites present within the Cx32 sequence allowed
the creation of all possible permutations of double and
some quadruple mutants. cDNA constructs were transcribed
and then the cRNAs were injected into stage VI Xenopus
laevis oocytes before pairing with like oocytes, or oocytes
expressing Cx32 wt. The latter was used as the primary
form of comparison, as these pairs typically gave higher
conductances by not compounding potential folding de-
fects in the mutants that might reduce efficiency of chan-
nel formation. Preinjection of antisense oligonucleotides
to XeCx38 was used throughout to eliminate endogenous
coupling (Barrio et al., 1991). Conductances, as measured
by a dual whole cell voltage clamp, are presented as a frac-
tion of the conductance between Cx32 wt pairings using
the same oocyte batch in the same week.

Given the conserved nature of the primary sequences of
the extracellular loops among connexins, it might be ex-
pected that many mutants in this series would be nonfunc-
tional for reasons other than inappropriate disulfide for-
mation. We attempted to minimize this by using a conservative
substitution of serine for cysteine (retaining both similar
side chain volume and polarity). Furthermore, substitution
of cysteine for a variety of other residues in several recent
cysteine-scanning mutagenesis studies have usually shown
minimal perturbation of channel structure, as measured by
functional properties (Akabas et al., 1994; Kurz et al., 1995).

Patterns of Coupling: Intraloop Movements

As predicted above, all of the single cysteine movements
in either E1 or E2 showed little or no conductance (<1%
of Cx32 wt conductance) (Fig. 3). However, analysis of the
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double cysteine mutants C; and C; revealed very instruc-
tive patterns of rescue (Figs. 3 and 4). In movements
within a single loop, C;—2/C;+2 mutants were most effec-
tive, giving values of 36 (E2) and 28% (E1) of wild-type
conductance (Fig. 3). The C;—1/C;+1 movements in E2
yielded only 7% of wt conductance, and moves to a greater
distance (C;—3/C;+3 and C;—4/C;+4) gave no and mini-
mal coupling, respectively. Effectiveness of moves two resi-
dues away from the original location, compared to those of
one or three residues away, demonstrates that rescue of
function does not correlate simply with the distance of the
movement in the primary sequence, but indicates a prefer-
ence for a certain periodicity. This suggests the involve-
ment of a repeating secondary structure, with the periodic-
ity of two suggesting B sheet. The successful pairing of
compatible movements within a loop initially suggested
that C,; and C; may be connected by an intraloop disulfide

E1 E2

Ci Ci| ¢ GCs 10 20 30 40 WWT/SE  (n)
T T T T

2 T e

+1 ! ! : } 0 (4)

& I N LT

+2 <} i i i 0.9/0.3 (2)

-3 | i | 1 0 (5)

+3 ! L ! 0 (5)

-1 +/-1 | | | 3 7.3/1.8  (6)

22 #/-2 ‘ 36/6.6  (7)

-3 +/-3 i i i E 0 (4)

-4 +/-4f ! ; ! ! 0.6/0.3  (8)
1 | ! ]

-2 4 ! } } ! 0.07/0.01 (4)

+2 ! : ! : 0 (4)
| | 1

-2 42 ———H 28/13.8  (g)
L I} !

Figure 3. Functional analysis of single and paired movements of
cysteines 1 and 3 within E1 or E2 of Cx32. Mutants of Cx32 in
which cysteines 1 and 3 of either E1 or E2 were moved singly, or
in pairs within a loop (refer to Fig. 2 for nomenclature used),
were tested for function in paired Xenopus oocytes. In all cases,
mutant cRNA was injected into one oocyte, and Cx32 wt cRNA
into another, before pairing and analysis of coupling. The percent
of mutant/Cx32 wt coupling compared to Cx32 wt/Cx32 wt cou-
pling of oocytes from the same batch is illustrated graphically,
and numerically (right), along with the standard error (SE), and
number of experiments (n). Single mutants failed to pair with
Cx32, as did most double movements except those in which the
cysteines were moved two residues away from their original posi-
tions in the sequence.
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Figure 4. Functional analysis of paired movements of cysteines 1
and 3 between E1 and E2 of Cx32. Movements of one or both of
cysteines 1 and 3 in E1 were combined in several permutations
with equivalent movements of cysteines in E2 as indicated. Func-
tional analysis in the paired oocyte expression system was as de-
scribed in Fig. 3, with mutant Cx32 wt coupling expressed as a
percentage of Cx32 wt/Cx32 wt coupling. The mean percent cou-
pling/standard error and the number of experiments (n) are
shown on the right. Interloop pairings of both C;s or both Css
failed to couple, but movements of C; in one loop and C; in the
other consistently gave equal or better coupling than the intraloop
pairings. As with the movements within a loop, a periodicity of
two was evident in the functional mutants. Note that the mini-
mally functional E2:C;—4/C;+4 mutant was rescued when com-
bined with E1:C,—2/C;+2.

(i.e., Fig. 1 A). However, if these cysteines were involved
in interloop disulfides (Fig. 1, F and G), movement of both
within one loop could still be compatible with reestablish-
ment of the disulfides if the two loops formed stacked 3
sheets that could slide with respect to one another over a
single B sheet repeat distance. This possibility could only
be definitively tested by pairing cysteine movements be-
tween the two loops.

Patterns of Coupling: Interloop Movements

All combinations of + and —2 movements of C; and C; in
both the E1 and E2 loops were tested (Fig. 4). Mutants
that paired movements of either both C;s or Css of each
loop (E1:C,—2/E2:C,—2 or E1:C;+2/E2:C;+2, respectively),
combinations that might be expected to function in a par-
allel loop model (Fig. 1 F), showed no functional conduc-
tance. In contrast, mutants combining movements of C;
and C; between loops (E1:C;+2/E2:C,—2 or E1:C,—2/E2:
C;+2) produced robust conductances that were 40.1 and
47.7% of Cx32 wt, respectively (Fig. 4). This efficient res-
cue of a cysteine movement in one loop with a compensa-
tory move in a different loop (separated by >100 amino
acids in the primary sequence) cannot readily be recon-
ciled with intraloop disulfide formation such as seen in Fig.
1 A. Rather, it is consistent with two interloop disulfides
between the first and third cysteines of each loop (i.e., Fig.
1 G with antiparallel loops). As alluded to above, the less
efficient rescue seen with paired movements within a loop
could be accommodated through a sliding of the two loops
with respect to one another, or a reorientation of the disul-
fide bonds. This would allow the disulfide to reform be-
tween residues that were originally one repeat behind one
another in the wt structure. This is most easily understood
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in the context of the model shown in Fig. 9 and discussed
below.

A test of this deduction was suggested by our earlier
data. Whereas the double mutants in E2 had shown a peri-
odicity consistent with a B sheet conformation, movements
four residues away from the original site of the cysteines
had produced minimal conductance. In light of the appar-
ent interloop nature of the disulfides, this could reflect a
limited tolerance to the allowed sliding of loops with re-
spect to one another that remains compatible with refor-
mation of the disulfide while maintaining a tertiary struc-
ture that allows for functional docking of connexins. A
prediction of this hypothesis is that compensatory move-
ments of the cysteines in E1 could alleviate this problem.
Thus, a quadruple mutant was created that combined E1:
C,—2/C5+2 with E2:C,—4/C;+4. This resulted in a robust
conductance of 48% of Cx32 wt, confirming that separa-
tion of the cysteines in the two loops by one B sheet repeat
distance, but not two, can be accommodated (Fig. 4). It
also demonstrated that the periodicity of two that was seen
with the double mutants in E2 also applies to E1/E2 mu-
tant combinations, extending at least four residues away
from the original cysteine positions.

Membrane Insertion, Topology, and Disulfide Bond
Formation of Mutant Connexins

As many of the mutants failed to make functional chan-
nels, we tested whether or not they were competent to
make protein, insert it appropriately into membranes, and
form disulfides between the extracellular loops as has
been demonstrated for Cx32 wt. Constructs were added to
a coupled transcription/rabbit reticulocyte lysate transla-
tion system supplemented with dog pancreatic microsomes
as described elsewhere (Zhang et al., 1996). All mutants
tested produced the appropriately sized translation prod-
uct, along with a truncated product arising from cryptic
signal peptidase cleavage (also seen with Cx32 wt; Falk et
al., 1994; Zhang et al., 1996), both of which inserted into
the microsomal membranes (Fig. 5). The single exception

Figure 5. Cell-free transla-
tion and membrane insertion
of Cx32 mutants. cRNAs for
Cx32 wt, (lane 1) and a sub-
set of the nonfunctional Cx32
cysteine mutants (lanes 2-7)
were translated in rabbit reticulocyte lysate supplemented with
[?*S]met and dog pancreatic microsomes (Zhang et al., 1996). Mi-
crosomal pellets were isolated and then washed in Na,CO; to re-
move accessory and lumenal proteins before solubilization for
SDS-PAGE and autoradiography. Cx32 wt and all mutants, ex-
cept Cx32 (E1:C,—2); (lane 6), produced two major bands corre-
sponding to full-length Cx32 and a truncated form arising from
cleavage at a cryptic signal peptidase site (Falk et al., 1994; Zhang
et al., 1996), indicating insertion of all products into the mem-
brane. Lower molecular weight products that are likely to be the
result of internal initiation or premature termination of transla-
tion are evident in all translations. Cx32 (E1:C,—2) (lane 6) pro-
duces less full-length product and a major lower molecular weight
product distinct from other constructs. Samples shown are: wt
Cx32 (lane 7), Cx32 (E2:C,—1) (lane 2), Cx32 (E2:C;+1) (lane 3),
Cx32 (E2:C,—2) (lane 4), Cx32 (E2:C,—3/C;+3) (lane 5), Cx32
(E1:C,;—2) (lane 6) and Cx32 (E1:C;+2) (lane 7).
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Figure 6. In vitro analysis of disulfide formation in WT and mu-
tant Cx32. Nonreducing (A), and reducing (B) SDS-PAGE were
used to dissect disulfide formation in Cx32 wt (A and B, lanes 1),
functional paired mutants [Cx32 (E1:C;+2/E2:C,—2): A and B,
lanes 2], and nonfunctional single mutants [Cx32 (E2:C;—2) in A
and B, lanes 3) produced by the cell-free translation/microsomal
translocation system (Zhang et al., 1996). Full-length products
were digested with trypsin albumenally (exposed sites based on
wt topology are indicated by solid arrowheads in C). In combina-
tion with the cryptic activity of signal peptidase (open arrow-
head), this should yield fragments A-D as indicated in C. Prod-
ucts were then analyzed on nonreducing (A) or reducing (B)
SDS-polyacrylamide gels, with the predicted mobilities of each
fragment indicated. Wt and both mutants yielded the same pre-
dicted profile under reducing conditions (B), indicating a similar
topology in all cases. This pattern did not change for the nonfunc-
tional mutant under nonreducing conditions (A, lane 3). In con-
trast, both wt and functional mutants yield higher molecular weight
products under nonreducing conditions, consistent with disulfide
formation between the loops (A, lanes 7 and 2).

was E1:C,—2 (Fig. 5, lane 6), which showed significantly
reduced insertion of the full-length product into membranes,
and a concomitant lack of cryptic signal cleavage. Accu-
mulation of low molecular weight products suggested that
this mutant was more prone to proteolysis, perhaps as a re-
sult of inappropriate folding. In general, however, the re-
sults demonstrate that most nonfunctional mutants retain
their ability insert into membranes as full-length products,
although with variable efficiency (Fig. 5, lanes 2 and 4).
This cell-free system could also be used to examine the
topology of the mutant proteins in the membrane (Zhang
et al., 1996), and directly test their ability to form disulfide
bonds between the extracellular loops once the appropri-
ate oxidizing conditions are established in the microsomes
(Yilla et al., 1992; refer to Materials and Methods).
Trypsin digestion of Cx32 in isolated gap junction plaques
(Nicholson et al., 1981; Zimmer et al., 1987) or after inser-
tion into microsomes in the cell-free system (Zhang et al.,
1996), yields two membrane-protected fragments of ~11 kD
under reducing conditions (Fig. 6 B, bands C/D). Although
SDS-PAGE does not resolve these, sequencing (Nichol-
son et al., 1981; Hertzberg et al., 1988) and immunolabel-
ing (Milks et al., 1988; Zhang et al., 1994) has individually
identified them. In addition, poorly resolved fragments of
5- and 6-kD are also seen in tryptic digests of Cx32 wt in
the cell-free system (Fig. 6 B, bands A and B). The relative
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Table 1. Comparison of Disulfide Bond Formation in
Microsomes for Cx32 wt and Functional and
Nonfunctional Mutants

Number of P value
Construct Mean ratio*  experiments SE  cf Cx32wt
Cx32, wt 2.66 5 0.32 —
Cx32/E1:C;+2, E2:C,—2 3.12 4 0.40 <0.05
Cx32/E1:C,—2, E2:C;+2 3.29 3 0.45 <0.05
Cx32/E2:C,—1 0.94 3 0.26 >0.05
Cx32/E1:C,—2 1.30 2 0.05 >0.05
Cx32/E1:C5+1 1.54 2 0.05 >0.05

*Ratio of the percentage of oxidized forms of trypsinized connexins seen in nonreduc-
ing and reducing gels.

#P value, determined by Student’s 7 test, to assess the probability that the result ob-
tained is the same as seen in Cx32 wt channels.

intensity of the A and B bands compared to the C/D band
has been found to correlate closely with the degree of ab-
errant signal peptidase cleavage associated with different
microsome preparations (data not shown), suggesting that
fragments A and B are derived from fragment C. (Fig. 6
C). All of the mutant connexins described here, including
those that fail to produce functional channels, display this
same pattern (Fig. 6 B; compare lanes 2 and 3 with 7). This
strongly argues that these mutant proteins not only insert
into membranes, but do so with the appropriate topology.

In isolated gap junction plaques, John and Revel (1991)
and Rahman and Evans (1991) had first demonstrated that
disulfide(s) link the COOH- and NH,-terminal tryptic
fragments of Cx32 to yield a higher molecular weight spe-
cies in nonreducing SDS-PAGE. When trypsinized mi-
crosomes from cell-free translation of Cx32 were run on
similar nonreducing gels, this same pattern is consistently
seen with either Cx32 wt or the cysteine mutants that form
functional channels (Fig. 6 A, lanes I and 2, respectively).
In marked contrast, no higher molecular weight forms
were detected in the Cx32 cysteine mutants that fail to
form functional channels (Fig. 6 A, lane 3). The actual
banding pattern was complicated by the aberrant cleavage
that occurs in the microsomes, since not only do fragments
C and D cross-link (Fig. 6; producing a 22-kD band), but
also fragments B and D (Fig. 6; producing a 17-kD band).
The formation of the higher molecular weight species in
going from reducing (Fig. 6 B) to oxidizing (Fig. 6 A) con-
ditions occurred concomitant with a depletion of bands B
and C/D (Fig. 6), whereas band A, predicted to contain no
cysteines (Fig. 6 C), was unaffected.

These results were quantitated using phosphoimager
software and then the percent of total connexin protein
represented by oxidized material was calculated (density of
22- and 17-kD bands/density of 22-, 17-, 11-, 6-, and 5-kD
bands). The ratios of these percentages in nonreducing
and reducing gel profiles of the same experiment are
shown in Table I. These values demonstrate a strict corre-
lation between the paired cysteine movements that restore
functional channels and those that are compatible with
disulfide formation between the extracellular loops, as
seen in Cx32 wt. The fact that individual movements of ei-
ther C; or C; in either loop causes disruption of the disul-
fides connecting the loops lends direct biochemical sup-
port for Fig. 1, For G.
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Mutant Channel Properties and Specificity

In addition to investigating the possible causes contribut-
ing to the failure of mutants to form functional channels, it
is also essential to determine whether the functional mu-
tants reestablish channel structures that are similar to the
native one. Previous studies have shown the voltage-gating
response of Cx32 channels to be highly sensitive to minor
perturbations of the structure (Rubin et al., 1993; Suchyna
et al., 1993; Verselis et al., 1994). Thus, this parameter
should serve as a sensitive indicator of the native configu-
ration of the protein. Functional cysteine mutants showed
voltage-gating characteristics indistinguishable from wild-
type (Fig. 7 A) in terms of both the sensitivity and kinetics
of their responses to incremental hyper- and depolarizing
voltage pulses. This was true whether homotypic (Fig. 7 B)
or heterotypic combinations (Fig. 7 C) were compared.
Therefore, even though we have moved the position of the
cysteines and the position of the disulfide bond, we have
not significantly modified channel properties, or, by infer-
ence, the overall channel structure.

In the course of these studies we encountered one sur-
prising finding involving the mutant E2:C;—2 alone, or in
combination with E1:C;—2. Based on the previous results,
these two cysteines (the first in each extracellular loop)
would not be expected to form a disulfide bond, and thus
neither mutant should be functional. Consistent with this
prediction, neither mutant formed functional channels
with Cx32 wt. However, on pairing with oocytes that had
not received antisense oligonucleotides against XeCx38, it
was found that both mutants readily formed channels with
the endogenous oocyte connexin (Fig. 8; XeCx38). Func-
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Figure 8. Current traces of Cx32 mutants E2-2 and E1-2/E2-2
paired with an oocyte expressing the endogenous connexin
(XeCx38). Shown are plots of current (nA) versus time (ms) for
oocyte pairs injected with Cx32 (E2:C,—2): water (A and C), and
Cx32 (E1:C,—2/E2:C,—2): water (B and D). Currents are in re-
sponse to 20-s transjunctional voltage steps from —110 to +110
mV in 20-mV increments. The majority of records obtained show
little or no response of junctional currents to transjunctional volt-
age gradients in this range (A and B). In one experiment, a mark-
edly asymmetric response was noted for both mutants (C and D).
One side remained voltage insensitive, but when the XeCx38-
expressing cell was relatively positive, a fast and sensitive voltage
response was seen analogous to that of XeCx38 homotypic chan-
nels.

tional coupling with XeCx38 was never detected with
Cx32 wt (Barrio et al., 1991), although it is a property asso-
ciated with some other mammalian connexins (e.g., Cx43).
In the case of Cx32 (E2:C,—2), 76% of the pairings with
uninjected oocytes developed conductance to levels 52 =
10% of that between Cx32 wt pairs. Similarly, 45% of the
pairings between Cx32 (E1:C,—2/E2:C;—2) and unin-
jected oocytes showed coupling that averaged 46 = 17%
of the mean conductance between Cx32 wt pairs. The cou-
pling seen with both mutants was demonstrated to be at-
tributable to induction of XeCx38, as it could be elimi-
nated by preinjection of an antisense oligonucleotide to
XeCx38 (Figs. 3 and 4). Possible complications that could
arise from cooligomerization of the Cx32 mutants and
XeCx38 within the same oocyte were eliminated by the
presence of antisense oligonucleotides in all mutant and
wt Cx32—-expressing cells.

The failure of a significant fraction of tested pairs to
couple in the cases of these latter mutants is likely to be at-
tributable, in part, to variability in the endogenous stores
of XeCx38. Even in the well-documented case of Cx43 wt
pairing with XeCx38, only 85% of cell pairs couple. Differ-
ences in the coupling frequencies seen between mutants
could have several explanations, although a likely possibil-
ity is that it reflects differences in the efficiency of folding
or assembly of the mutant proteins at the lower tempera-
tures used with Xenopus oocytes.

As noted above, all connexin mutants tested here that
could pair with Cx32 wt showed symmetrical current pro-
files over a range of voltages that were very analogous to
responses of Cx32 wt injected pairs (Fig. 7). In marked
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contrast, the E2:C;—2 and E1:C, —2/E2:C,—2 mutant pair-
ings with XeCx38 showed a surprising absence of voltage
sensitivity to = 110 mV (Fig. 8, A and B), even on the side
in which XeCx38 was expressed. This clearly carries impli-
cations for a strong influence of the docking process on
voltage gating that are discussed further below. In one out
of seven batches of oocytes tested (4 out of 56 pairs), we
did see asymmetric voltage sensitivity with relatively rapid
drops in conductance when the XeCx38 oocyte was rela-
tively positive, but no voltage-induced decrements in cur-
rents when the Cx32 mutant—expressing cell was relatively
positive (Fig. 8, C and D). This was seen with both mutants
(n = 2 for each). No overt explanation for the disparate
behavior of this batch of oocytes was evident. However,
given the potential for these mutants to misfold, it is possi-
ble that the complex proofreading that occurs during
membrane protein biosynthesis may show differences be-
tween oocyte batches.

Discussion

We have used a novel approach to defining structural fea-
tures of a membrane protein that is not well suited to anal-
ysis by traditional approaches. The extracellular loop re-
gions of connexins are similar in function, but not structure,
to the homophilic binding domains of cadherins and the
IgG class of cell adhesion molecules. Thus, gap junctions
represent a third class of cell-cell recognition proteins that
are likely to use unique paradigms for homo- and hetero-
philic interactions. Furthermore, understanding the struc-
ture of the extracellular loop regions of gap junction pro-
teins is a key step to unraveling the process of hemichannel
docking that is required for the formation of the extracel-
lular extension of the gap junction channel. This is a
unique process, not only in terms of the electrically tight
seal that is formed, but also because of its specificity. This
allows selective formation of heterotypic gap junctions be-
tween different members of the connexin family (Elfgang
et al., 1995; White et al., 1995).

The experiments presented here have taken the first
step to elucidating this structure by defining the disulfide
bonding pattern within these extracellular loops. The con-
served and critical nature of these cysteines suggests that
they play an important role in defining and stabilizing the
structure of these regions. Previous studies had already es-
tablished that deletion of the cysteines individually de-
stroys channel function (Dahl et al., 1992). Hence, the
strategy we chose involved moving the position of the cys-
teines singly, in pairs, or even quadruplets within the ex-
tracellular loops. The expectation was that paired move-
ments of the appropriate cysteines could rescue defects
caused by single mutants by allowing disulfide bonds to be
reestablished without overt disruption of the loop struc-
ture. The validity of this strategy was directly documented
in a cell-free translation/translocation system that showed
a close correlation between functional mutants and forma-
tion of interloop disulfides (refer to Fig. 6 and Table I).

Disulfide Connections Suggest a Model of Connexin
Extracellular Domains

All of the data presented here suggest a model in which
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A Docking Domains of Connexins

Figure 9. Proposed model of the extracellular loop regions of a
connexin. (A) Based on the observations presented here, E1 and
E2 form stacked, antiparallel § sheets connected by three disul-
fide bonds, although the bond between the 2 and 2’ cysteines is
not directly demonstrated here. The model accounts for the peri-
odicity of cysteine movements between loops that rescue cou-
pling, and how movements of the first and third cysteines within a
loop could be accommodated by a change in the orientation of
the interloop disulfides, or a sliding of the loops with respect to
one another. Equivalent loops from the connexins of the apposed
hemichannel are hypothesized to interdigitate in front of and be-
hind the stacked loops shown. Conserved residues are indicated
based on alignments of all vertebrate connexins. Filled circles in-
dicate hydrophobic character, and open circles indicate hydro-
philic character. Half-filled circles indicate that either no consen-
sus of hydrophilic or hydrophobic residues exists at this location,
or the conserved residue at that location has an amphipathic
character (e.g., Y). Specific residues are only indicated when at
least 14 of the 17 aligned sequences were identical at that posi-
tion. (B) An artist’s impression of the 3 zip model of how the
loops of individual connexins could interdigitate to form a 8 bar-
rel extension of the gap junction channel at the docking interface
between hemichannels. Concentric barrels, according to the
model shown in A, would be held together by disulfides and are
shown extending from the connexin subunits within the mem-
brane into the extracellular space separating the cells. The loops
have been shown with an arbitrary tilt to the perpendicular axis
of the barrel, consistent with other known B barrel structures.
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the two extracellular loop regions form stacked antiparal-
lel B sheets (Fig. 9). The reverse turn is placed in the con-
served, proline-glycine-rich region near the second cys-
teine in each loop. The loops are joined and held in a fixed
conformation with two, or possibly three, interloop disul-
fides. Two disulfides appear to form between the first and
third cysteines from each loop (C; and C;). Whether the
remaining two cysteines (the C,s) also form an interloop
disulfide is not directly tested here.

In the model shown in Fig. 9, the proposed B sheet struc-
ture is based on the periodicity of two seen in the paired
cysteine movements that are compatible with gap junction
function. These movements are inconsistent with an a he-
lical structure of these loops, and do not readily reconcile
with a random coil conformation. The highly efficient res-
cue achieved by mutants (E1:C;+2/E2:C;—2) and (E1l:
C,—2/E2:C;+2) in which the first cysteine of one loop and
the third of the other are moved in concert, but in opposite
directions in the primary sequence, can only readily be
reconciled with disulfide linkages between the loops that
are arranged in an antiparallel manner. The only other
possibility to explain this result would be a rearrangement
of the disulfide linkages within both loops. This seems in-
consistent with the nonfunctional nature of the single mu-
tants that would undergo identical rearrangements within
a single loop. The partial rescue affected by paired mu-
tants within a loop would not require rearrangements
within each loop. It could be accounted for by reorienta-
tion of the disulfide bond (i.e., pairing with the residue one
repeat behind instead of one repeat ahead in the adjacent
B sheet, see Fig. 9) and/or a sliding of the loops with re-
spect to one another by a single B sheet repeat distance.
Both of these are likely to represent minimal perturba-
tions to the overall structure. This explanation is sup-
ported by the failure of the E2:C;—4/C;+4 mutant to sup-
port coupling, but its robust coupling when combined with
a compensatory movement of cysteines within E1 (i.e., E1:
C,—2/C5+2). This result underscores the limited tolerance
of this structure to modification, as sliding of the loops
with respect to one another cannot occur over more than
one repeat distance of the 8 sheets and remain consistent
with assembly of functional channels.

In deriving this model, native disulfide bond formation
was deduced from functional assembly of gap junctions as
measured by the electrical coupling of oocytes. However,
in several cases this was also directly tested biochemically
in a cell-free translation system. An exact correlation was
found between interloop disulfide bond formation, as seen
in Cx32 wt, and paired cysteine movements that resulted
in functional coupling of oocytes. Surprisingly, no inter-
loop disulfides could be detected in any of the nonfunc-
tional mutants that were tested. Several of these were sin-
gle mutants (see Table I) in which five of the six cysteines
were undisturbed. Thus, one might have predicted one or
two interloop disulfides to remain. However, it is also pos-
sible that the odd number of cysteines available for pairing
could lead to competition, producing inappropriate disul-
fides that may be intraloop, or unstable, and hence unde-
tectable in the assay system we used. This underscores the
importance of a conservation of all six cysteines in the con-
nexin family, and the critical role of the disulfides in stabi-
lizing loop structure.

Foote et al. Structure of Connexin Docking Domains

The overall arrangement of the extracellular loops re-
ported here also carries clues as to the packing of the four
transmembrane regions within the cell membrane. It has
been previously proposed, but never documented, that the
four transmembrane segments are arranged sequentially
in a clockwise manner (Milks et al., 1988). This is based on
analogies with other « helical bundle proteins such as ker-
atin or bacteriorhodopsin, but has not been directly dem-
onstrated. The antiparallel configuration of the loops in-
ferred from the current data, however, dictates that the
transmembrane segments must be arranged in sequential
order from the NH, to COOH terminus. Although no dis-
tinction can be made between clockwise or counterclock-
wise configurations, amino acid chirality would suggest the
former as the likely model. Overall, this leads to a signifi-
cant simplification of the model building process of gap
junctional structure (Peracchia et al., 1994).

Mutants Retain Most WT Properties

The functional mutants tested here showed no significant
differences from Cx32 wt in their voltage-gating properties
(Fig. 7). The parameters of gap junctional responses to
transjunction voltage differences have already proven
highly sensitive to mutation in several parts of the mole-
cule, including E1 (Rubin et al., 1992; Verselis et al., 1994).
Thus, the retention of wt gating responses to transjunc-
tional voltage differences would suggest mutants that still
pair with Cx32 retain most of their original structural fea-
tures.

However, even in the best cases, mutants rarely dis-
played >50% of the wt coupling. This may have several
causes, not the least of which could be the replacement of
highly conserved residues within the extracellular loops
with cysteine in several of the mutants tested (refer to
alignments shown in Fig. 2). In addition, it is possible that
folding of the mutant polypeptides and their transport to
the cell surface could have a reduced efficiency in the oo-
cyte that was not evident in the cell-free system. One
would predict that such reduced efficiency would be com-
pounded in cases where the mutant is expressed in both
cells of a pair, as compared to mutant/wt pairings. Consis-
tent with this prediction, mutant connexins paired with
themselves produced only half of the coupling seen in
pairings of the mutant with Cx32 wt (i.e., 19.5 and 36%, re-
spectively, in the case of E2:C;—2/C;+2; also see Fig. 7 for
a similar comparison of the E1:C;+2/E2:C,—2 mutant).

Specificity of Connexin Docking Is Influenced by
Tertiary Structure

The importance of the appropriate folding of the extracel-
lular loops to the specific docking between connexins was
graphically illustrated by two cysteine mutants that would
be expected to be nonfunctional based on the model
shown in Fig. 9. Although the single mutant E2:C,—2 and
the double mutant E1:C;—2/E2:C;—2 (that paired move-
ments of C; in both loops) both failed to form functional
channels with Cx32 wt as predicted, they were able to pair
efficiently with endogenous XeCx38. This is not a property
of Cx32 wt, yet neither of these mutants involve significant
changes in the primary sequence of the extracellular loops
that determine docking specificity (White et al., 1994,
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1995). However, the unmatched movements of the cys-
teines might be expected to cause significant distortion of
the normal folding motifs of these loops. In fact, E2:C;—2
did not form detectable interloop disulfides in our cell-free
translation system (Fig. 6). Thus, this result strongly sug-
gests that docking specificity is not merely a function of
primary sequence, but is influenced significantly by the
tertiary structure of the loop domains, influenced in this
case by disulfide formation.

Such a conclusion is consistent with the results of chi-
mera between Cx40 and -43 reported by Haubrich et al.
(1996) and comparisons of these same chimera in the oo-
cyte system (Zhu, H., and B.J. Nicholson, unpublished ob-
servations). In both cases, the heterotypic pairing proper-
ties were not dictated only by the origin of the extracellular
loops, but also by the origin of the transmembrane and cy-
toplasmic domains to which they were attached. Our find-
ings may also explain why Cx31, which has a different
spacing of cysteines to all other connexins, fails to form
functional channels with other connexins, but can dock
with itself (Elfgang et al., 1995).

Docking Significantly Influences the Transjunctional
Voltage Gate

The E2:C;—2 and E1:C,—2/E2:C;—2 mutants also graphi-
cally demonstrate the influence of the structure of the ex-
tracellular domains on the voltage gating characteristics of
gap junctions. The novel interaction between both of these
mutants and XeCx38 resulted in complete suppression of
the voltage sensitivity of both Cx32 and XeCx38 (Fig. 8, A
and B). Modification of the gating characteristics of sev-
eral connexins when they are combined heterotypically
has been reported previously (Hennemann et al., 1992;
White et al., 1994), although not to the extent of the com-
plete suppression that is seen here. Several mutations of
residues in E1 have also been associated with changes in
the voltage gating profile of Cx32 and Cx26, an effect that
could be mediated by modifications of channel docking
(Rubin et al., 1992). In fact, the docking process itself must
form a part of the transjunctional voltage sensor. More di-
rect evidence of this is provided by a comparison of the
voltage responses of Cx46 in the hemichannel and the in-
tact gap junctional form. Both show responses over similar
voltage ranges, but the polarity of the response is reversed
upon docking of the hemichannels (Ebihara et al., 1990).

Models of Docking and the Structure of Channels
Spanning Gaps

From our model (Fig. 9), it is now possible to propose a
self-consistent hypothesis of how such a configuration of
the extracellular loops might dock with an apposed con-
nexin. We propose a model in which the extracellular loops
of each connexin in a hemichannel would interdigitate
with the extracellular loops from the hemichannel in the
adjacent cell, rather like the two sides of a zipper. This in-
terdigitation of the extracellular domains is also supported
by structural studies of both hemichannels (Perkins et al.,
1997) and intact gap junctional plaques (Unger et al., 1997).
Although the docking structures have not been directly
imaged, both studies conclude that a model involving stag-
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gering of the subunits of apposed connexins leading to an
interdigitation of the extracellular domains is most easily
reconciled with the data.

The interleaved B sheets in our model would form an
antiparallel B barrel motif we term a “B zip”, which could
provide a sealed extracellular extension of the channel re-
quired for passage of ions and small molecules between
cells. This model is somewhat akin to bacterial porin (Jap
et al., 1991; Weiss et al., 1991), but in this case the barrel
would have 24 strands and two concentric layers (one
formed by E1 loops, the other by E2 loops), with different
subunits providing the B strands. In the current model, the
two concentric barrels have the same number of strands.
This would seem inconsistent with their different diame-
ters. One possible solution to this apparent anomaly would
be for the outer barrel not to form a continuously hydro-
gen bonded structure, but have a greater spacing between
strands contributed by different connexins. The surround-
ing water could then take up the lost H bonds.

The 30-amino acid extracellular loops could maximally
form two 13-residue B strands connected by a minimal re-
verse turn. This would extend ~30 A into the gap, necessi-
tating a significant degree of interdigitation of B sheets
from apposed connexins, although the degree of such over-
lap would be influenced by any tilt of the 8 sheets from the
perpendicular to the membrane. The extensive H bonding
that would occur between B strands contributed by ap-
posed connexins is consistent with the requirement for
high urea concentrations in the splitting of gap junction
membranes (Manjunath et al., 1984). Other configurations
of B sheet structures would be consistent with the data
presented here and the dimensions of the extracellular do-
mains of connexins. However, none of these form structures
that have been associated with channel-like structures
(Jap et al., 1991; Weiss et al., 1991). Definitive conclusions
as to the structure of these docking domains must await di-
rect structural analysis, but the current hypothesis poses a
testable model on which to predicate future analyses of
docking specificity and the nature of the unique ion-tight
seal formed at the docking interface between connexins.
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